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Comparisons of Endothelial Cell G- and
F-Actin Distribution in Situ and in Vitro
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ABSTRACT. Numerous studies have described rp here are several pools of aclin within
the F-actin cytoskeleton: however, little infor- TnonmuscIe cells (Korn 1982). Polhm-
mation relevant to G-actin is available. The actin erized actin comprises the filamentous
pools of bovine aortic endothelial cells were ex-
amined using in situ and in vitro conditions and pool (F-actin). while monomeric actin

fluorescent probes for G-(deoxyribonuclease I. 0.3 forms the globular pool (G-actin]. In acd i-
AM) or F-actin (phalloidin. 0.2 AM). Cells in situ tion. F-actin interacts with other contrac-
displayed a diffuse G-actin distribution, while F- tile proteins to form complexes known as
actin was concentrated in the cell periphery and stress fibers. A number of qualitative
in fine stress fibers that traversed some cells.
Cells of subconfluent or just confluent cultures studies have defined the distribution of F-
demonstrated intense fluorescence, with many F- actin and stress fibers in vascular endo-
actin stress fibers. Postconfluent cultures resem- thelial cells under various conditions
bled the condition in situ; peripheral F-actin was (Gabbiani et al. 1983. Gabbiani et al.
prominent, traversing actin stress fibers were 1975, Kalnins et al. 1981. Welles et al,
greatly reduced and fluorescent intensity was di- 1985a.b. White et al. 1983. White and
minished. Postconfluency had little influence on
G-actin, with only an enhancement in the inten- Fujiwara 1986. Wong et al. 1983). How-

Ssity of G-actin punctate fluorescence. When post- ever, there is little qualitative information
tonfluent cultures were incubated with cytochal- concerning F-actin and stress fiber ar-

• asin D (15 min; I0-' M), F-actin networks were rangement relative to the distribution of
disrupted and actin punctate and diffuse fluores- G-actin. This information is necessary to

Scence increased. G-actin fluorescence was not al-
:. tered by the incubation. Although its unstruc- verify quantitative findings and to under-
,• tured nature may account for the minor changes stand better the degree of interaction

S t observed, the stability of the G-actin pool in the among the various pools of actin. Such an
' presence of notable F-actin modulations sug- understanding is important. since actin

o gested that filamentous actin was the key con- cytoskeletal changes are reported to influ-
stituent involved in these actin cytoskeletal al- ence Such diverse endothelial cell activi-

o terations. A separate finding illustrated that the
concomitant use of actin probes with image en- tics as motility (Bottaro et al. 1985).

L hancement and fluorescent microscopy could re- permeability (Bottaro et al. 1986. Welles
veal simultaneously the G- and F-actin pools et al. 1985a,b) and metabolism (DuBose et
within the same cell. al. 1987, 1989).

Key wortis: endothelial cells, actin, phalloidin A widely used approach for the visuali-

DNase zation of the F-actin pool employs the ca-

pacity of a fluorescent labeled mushroom
toxin. phalloidin, to bind specifically with

.. ... polvmerized actiin (Weiland and FaulstiCh
T}f h )p it' , €l]ti ,if oni, , ir~l/• i n dl it, ý, r Nti i ri,,f{ fl f |thl Ii ltr , i 0.tr(* ,th ~s, -I th, , " I, t I r, in,, ,. I j•/r,,, , IntI n,t,ri ,,A,,i .. i I,, , ,. I ),lt, -,,,., 1, 1978). In this report. a sim ilar approach

thw Vrw ... d I., ,r ..;1,- ir, b dg. iI,,d I...., ],i f has been employed to observe G-acw'in. l)c-

oxyribonuclease I {DNase i) interacts with
,r ....... , this protein (ftitchcock 1980. Mannherz et93-,�a..1 ,� ( |a • �9,01 and w1a hen Con atei.lttd wit i a f in-
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C- and F-A \tin Distributioni in End(otbelial C ltls

orescent element, DNase I can serve as a GItCO). Cell number was determined and
probe for G-actin. The current study de- serial dilutions in supplemented DMEM
scribes the distribution of the actin pools were made to obtain a final dilution of I 0
in bovine aortic endothelial cells (BAEC) cells/ml. A 0.5 ml volume was placed in
in situ and in vitro. each well of a 24-well tissue culture plate

(Falcon 3047; Becton Di,'kinson). In addi-
tion to supplemented DMEM. these cells

MATERIALS AND METHODS were maintained with endothelial cell
The in situ preparations were obtained growth supplement (30 mg/ml: Collabora-

as described previously (Rogers and Kal- tive Research. Bedford, MA) until small
nins 1983a). Bovine aortas were cleaned patches of growth were discernable by mi-
of adventitia, rinsed in Hanks' balanced croscopic examination. After this point.
salt solution (HBSS: GIBCO. Grand Island, cells were maintained with supplemented
NY), treated with 100% methanol (-20 C: DMEM only. Cultures were observed for 2
4 min) and then with 100% acetone (-20 weeks after obtaining confluencv to en-
C; 2 min). After fixation, the vessels were sure that they were free of smooth muscle
washed in HBSS, cut into 0.E cm 2 sections contamiianai5, after which thcy wcrc re-
and dried in a stream of freon. Next, a moved with trypsin, seeded into tissue cul-
section was placed, endothelium side ture flasks and grown to confluencv. Cells
down, on a coverslip that was positioned were then harvested, resuspended at a fi-
on an aluminum plate cooled (-60 C) in a nal concentration of I x 106 cells/ml sup-
dry ice/ethanol bath. When ice crystals plemented DMEM and stored in an envi-
formed in a water drop placed near the ronment of liquid nitrogen until needed.
segment, the segment was pried free to From this stock, seedings were made on
leave the endothelium attached to the cov- glass coverslips at a density of 1.5 x 102

erslip. cells/cm 2 . After culture for 3, 6. 10. 20 or
The in vitro culture of BAEC employed 32 days, the cells were fixed in 3.7c(

modifications of procedures described pre- formalin as described previously (Welles
viously (Jaffe et al. 1973). The aorta was et al. 1985a.b). In other studies, post-
rinsed in HBSS and a lateral cut was made confluent cultures (day 9) were treated
to expose the tunica intima. A sterile scal- with cytochalasin D (10' M. 15 min) to
pel blade was used lightly to scrape the alter F-actin arrangement and then fixed
endothelial cells from the vessel. Scrap- with formalin.
ings were deposited in collagenase (1 mg/ Rhodamine conjugated to phalloidin (R-
ml; Cooper Biomedical, Malvern, PA) and P) or to DNase I (R-DNase I) (Molecular
incubated at 37 C for 10 min. Four milli- Probes, Eugene, OR) served as probes to
liters of supplemented (10% fetal calf delineate the F- and G-actin pools. respec-
serum, penicillin:streptomycin (100 units/ tively. To permit probe entry. the endothe-
ml:100 ug/ml) and glutamine (0.29 mg/ lial cell membranes were permeabilized
ml); GIBCO) Dulbecco's modified Eagle's with 80% acetone (10 min) as described
Medium (DMEM; GIBCO) were then added. previously (Welles et al. 1985a.b). Cells
The cell suspension was centrifuged (3000 were then treated with R-P (0.2 pM) or R-
x g for 5 min). The fluid was aspirated. DNase 1 (0.3 pM) for 10 min. after which
the pellet suspended in supplemented the cultures were washed with HBSS five
DMEM (5 ml) and the solution pipetted into times. A Zeiss microscope equipped with a
a tissue culture flask (Falcon 3013; Becton 40X water immersion objective and filters
Dickinson, Lincoln Park, NJ). Cells were appropriate for rhodamine excitation was
maintained on supplemented DMEM in a used to observe the ('ell fluorescence. Pho-
5% CO2 incubator until they reached con- tographs of the fluorescence were taken
fluency (day 6). The culture was then using Tri-X Pan film (Kodak: 400 ASA).
rinsed with HBSS and the' cells removed Automritic oxpcý,ure tmcs were 4ipleh,'.cd
with 0.3 ml trypsin solution (0.5 mg/ml; for the photographs of BAEC in silt. When



in vitro postcontfhuency state was stutdied. The total exposure timie for both inaittcs
the same film exposure time was used that was appr.oximately 4 sec. which mini-
was found to be optimal for Cultures at mized pilotobleac hir and fliaximilizcd
their first day of confhlernev (day 6). Ex- contrast. The film was processed using) an
posure time for print development was hnage-1/AT Svstem- (Universal Imging.
also the same as that used for dav 6 cul- West Chester. PA). With this system. the
tures. In this manner, changes in fluores- two digital images were rc-re,:)istered to
cence intensity could lie detected. In the correct for slight optical filter misalign-
study' of cytochalasin I) effects, the film ments and to adjust color perception so
and print exposure times were the same that the fluorescence Of fluorescein and
as that noted for cultures prior to cvto- rhodamine appeared green and vellow-wr-
chalasin D treatment. ange, respectively. The final photograph

To illustrate concomitant observations was produced on E ktachrome film (Kodak:
of the G- and F-actin pools within the 400 ASA).
same endothelial cell, fluorescein DNase I
(12 mM) and R-P (0.25 pM) were employed. RESULTS
The high coneentratoc of DNase I was A comparisoo of the in situ G- and F-
used to compensate for the rapid quench- actin distributions in BAEC is illustrated
ing of the fluorescein. Permeabilized in Fig. 1. G-actin appeared to be distrib-
BAEC were exposed to R-P for 10 min, uted diffusely, with enhanced fluores-
washed with HBSS and then exposed to cence near the nucleus, such that this
fluorescein DNase I for 10 min followed by organelle was highlighted in the photo-
another HBSS wash. The first image was graphs (Fig. IA). Fluorescence intensity
acquired using a standard fluorescein fil- associated with in vitro G-aetin (Fig. 2. A-
ter set, while a second image of the same E) was greater than that observed under
specimen was obtained using a standard conditions in situ. However. distributions
rhodamine filter set. Collection and reso- of G-actin were diffuse in both the BAEC
lution of the fluorescent images were op- in situ and in vitro. The fluorescence as-
timized using a Plan Neofluar 100 x 1.3 sociated with in vitro G-actin was en-
oil objective (Carl Zeiss. Oberkochen. Ger- hanced in the region of the cell nucleus
many) and a cooled CCD Camera (model and diminished in the cell periphery,
Star-1, Photometrics Ltd.. Tucson, AZ). which also demonstrated the similarities

Fig. 1. BAEC fixed in situ and exlosed to R-[NIse I rWA i P 11 (B) lo) rerninstrate the distribution of (- r F -ai( tin,
r(,se (tiv,ýh, C (,tail 0A1 was dilffL-.iV distributed and highlighted the are,' of the (elI mui lhs ,n). f maf tin wa,
c.uo i',i.. J. ] in the ( ell periphery and srved to highlight the ( ell Iwre pherv. '-,one el( ,1k ' ,lso showed thin f m fill "tIn "',
fibers (arrows,) that traversevd the c ell. S ale bar = I( m/ .
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of the G-actin distributions in vitro and in Simultaneous in vitro observation of the
situ. Other than the appearance of areas 13AEC G- and F-actin pools is illustrated in
of bright punctate fluorescence, first Fig. 4. As noted when the actin pools were
noted on day 20 (Fig. 2D). and increased observed separately in different cells, the
by day 32 (Fig. 2E), changes in the degree G-actin pool (green) appeared diffLuse in
of BAEC confluency had little effect on the nature and concentrated in the area of the
distribution of in vitro G-actin. nucleus, while F-actin (yellow-orange) was

A low level of fluorescence was associ- observed along the cell periphery and in
ated with in situ F-actin (Fig. 113). F-actin stress fibers that traversed the cell.
was most concentrated in the cell periph-
ery. casting an outline of the cell shape. DISCUSSION
Some cells also demonstrated the presence
of fine stress fibers composed of F-actin There is a paucity of qualitative infor-
that traversed the cell. In contrast, the F- mation concerning F-actin distribution
actin fluorescence intensity was greatly relative to that of G-actin. Although
increased for cultured cells (Fig. 2. F and DNAse I will interact with tropomyosin.
G). Many F-actin stress fibers could be this interaction is believed to be at a dif-
seen traversing the cells and in the ceil ferent site or to occur at a much reduced
periphexy. Unlike in vitro G-actin. the in affinity compared to G-actin (Payne and
vitro F-actin distribution was dramatically Rudnick 1986). Moreover, tropomyosin
altered by the degree of confluency. Sub- does not prevent formation of the G-actin-
confluent BAEC cultures (day 3: Fig. 2F) DNAse I complex (Hitchcock et al. 1976).
had cells with many stress fibers. while DNase I has been used to quantitate actin
other cells had a more diffuse distribution (Blikstad and Carlsson 1982, Blikstad et
with fewer stress fibers. Cultures on their al. 1978, Heacock et al. 1984, Heacock and
first day of confluency (day 6: Fig. 2G) Bamburg 1983a,b). This method relies.
demonstrated intense fluorescence and however, on the effertiveness of buffer
numerous F-actin stress fibers traversed systems to ensure that the actin polymer-
most cells. Four days postconfluency (day ization state remains constant when the
10: Fig. 2H). there was an increase in the amount of actin comprising the F-actin
number of areas within the monolayer in pool is determined. The failure to maintain
which fluorescence intensity was dimin- the actin polymerization state may be a
ished and the density of stress fibers was source of error and account for some in-
decreased. Fourteen days postconfluency consistencies in quantitative findings
(day 20; Fig. 21), these areas were more (Heacock and Bamburg 1983b). Qualita-
prominent. Other than differences in their tive studies may aid not only our under-
shape and size. BAEC now more closely standing of the interaction between the
resembled those seen in situ, since F-actin various pools of actin, but also may help
was generally noted in the cell periphery to clarify quantitative data. The technique
and few F-actin stress fibers could be described here uses fluorescently labeled
demonstrated. At day 32 of culture (Fig. DNase I to visualize the G-actin pool rela-
2J), F-actin distribution was similar to tive to the F-actin pool.
that seen at day 10 or 20 of culture. As might be expected for an unstruc-

G-actin remained diffusely distributed lured. monomeric form of a protein. G-
and of similar fluorescence intensity after actin distribution was dittuse both in situ
exposure to cytochalasin D (Fig. 3. A and and in vitro. As noted previously for in
B). This was in contrast to the effects of vitro F-actin Rog•crs and KalnIn¢ 1983b).
such exposure on the F-actin pool (Fig. 3, the level of fluorescence associated with
C and D). F-actin stress fiber networks in vitro G-actin was greater than that ob-
were disrupted and there was an increase served for the in situ condition. This sug-
in diffuse and punctate fluorescence gested that cultured cells have more G-
within the cells (Fig. 4D). actin. However, since these were qualita-
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Fig. 3. Postconfluent BAEC (day 9) were treated (B and D) with cytochalasin D and then exposed to R-DN,ý,e I G-a tin
probe; A and B) or R-P (F-actin probe; C and D). The G-actin pool was not affected by cytochalasin D, since both
nontreated (A) and treated (B) cells demonstrated diffuse G-actin distribution and enhanced fluorescence surrounding
the cell nucleus (N). Prior to cytochalasin D treatment (C), F-actin was distributed in numerous stress fibers that wer'
located in the cell periphery or traversing the cell. In addition, some areas of punctate fluorescence (arrows) were
noted. After treatment (D), stress fibers were disrupted and many areas of intense, diffuse (X) and pLul(tale (arrows'
fluorescence were seen. Scale bar = 10 Mm.

tive observations using different fixation ied to establish fully the differences in G-
procedures, G-actin quantitative methods actin levels for the in situ and in vitro
on similarly treated samples must be stud- conditions. Although there was increased

Fig. 2. BAEC examined at various points of confluency under in vitro conditions were exposed to R-DINase I C-,i tin
probe; A-E) or R-P (F-actin probe; F-J) at 3 (preconfluent; A and F), 6 (confluent; B and G), 10 (4 days post ( oniluent:
C and H), 20 (14 days postconfluent; D and I) and 32 (26 days postconfluent; E and J) days of U.uture. G-ac tin distributiOn
(A-E) was diffuse with the appearance of enhanced fluorescence near the nucleus (N). Areas of pun(tate tluores, vn ce
(arrows) were also noted, which increased in intensity by day 20 (D) and continued until bi day 32 1!" most (ell"
possessed a region of intense punctate fluorescence. The F-actin distribution (F) in some preconfluent (e(lk iY) \NI
diffuse with few, if any, F-actin stress fibers, while in other cells (Z) such fibers (arrows were more numeroius. At
confluency (G), cultures demonstrated intense fluorescence with numerous F-actin stress fibers (arrowsI thit \%re
circumferential or traversed the cells, By day 10 (H), fluorescence intensity was dirminished. F-a( tin stress tfibers, •er,
fine, not as numerous and some cells (X) appeared to lack fibers that traversed the cell. At da' 20( of culturre Ill
fluorescence intensity was also diminished. F-actin was mainly con(entrated in the cell periphery (arrows,) with miny
cells (X) showing low fluorescence in the cell interior. Fluorescence intensity and F-a( tin arrangement at day 12 ot
culture (J) were similar to that seen at day 10 or 20. F-actin was noted in the cell periphery (arrows) and most ý ells I
lacked traversing F-actin stress fibers. Scale bar = 10 pm.



Fig. 4. BAEC (day 3) were exposed to both R-P (F-au.tin probe) and fhuores ein [Nase I (G-a( tin prohe). Celk, xcwr1
observed under fluorescence microscopy with image enhancement. The G-a( tin pool (green) was dietrihUted (iitu',#I
around the (ell nucleus. F-actin (yellow-orange) was located in the cell peripherv and in ,tress tiber,, that tr•aver•,•d the
cell. Thus, the G- and F-actin distributions under simultaneous observation within the same ( ell were sifli!.Ir it )h se
noted when the actin pools were studied in separate cells.

fluorescence near the nucleus, this may When cultured under in vitro conditions.
not represent an area of increased G-actin the F-actin arrangement is quite distinct
concentration, since the region adjacent to f-om endothelial cells in situ (Rogers and
the nucleus is of greatest cytoplasmic Kalnins 1983b). As verified by the study
thickness and increased fluorescence reported here, there was an increase in F-
would be expected when viewing such an actin stress fibers. which were located
area. Thus, although G-actin was visual- both circumferentially and traversing the
ized throughout the cell it was unclear if cell (Fig. 2. F and G). However, with pro-
it actually existed in similar concentra- longed culture (_> 10 days; Fig. 2. H-J). the
tions in the various cellular regions. in vitro F-actin arrangement more closely

In contrast, the in situ arrangement of approximated the in situ condition, This
F-actin was concentrated in the region of finding was relative to the shorter culture
the cell periphery and in stress fibers. This periods (day 6; Fig. 2G), since photo-
confirmed previous findings concerning graphic exposure times for the long term
the location of F-actin in endothelial cells cultures were the same as those used for
studied directly from vessels (Gabbiani et the short term cultures. If automatic Cx-
al. 1983, Herman et al. 1982, Rogers and posure times had been employed, the
Kalnins 1983ab, White and Fujiwara longer term cultures would have appeared
1986, White et a. 1983, Wong et al. 1983). to have had a greater fluorescence inten-
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sity, which would not have accurately de- and that they did not depolvnwrize to in-
picted the true F-actin distribution, crease the G-actin pool.
Though this change (day 10, Fig. 2H) was In conclusion, alterations in the distri-
not observed to be uniform, areas of re- bution of F-actin by the degree of con-
duced F-actin and stress fiber density did fluency or cytochalasin 1) treatment did
become more pronounced with time, such not appear to int luence significantly qual-
that by day 20 (Fig. 21), this F-actin distri- itative differences in the G-actin pool. This
bution was predominant and was still ob- suggests that whatever quantitative
served at day 32 (Fig. 2J). Quantitative changes might have occurred in the G- and
studies indicated that F-actin levels can F-actin pools, alterations in the G-actin
be reduced in some cell lines after obtain- qualitative findings were unremarkable.
ing a state of confluence (Heacock et al. Although changes in G-actin may be too
1984). which these qualitative findings subtle to observe due to the unstructured
support. Such data suggest that endothe- nature of this monomeric protein, these
lial cells in culture might best be studied results suggested that F-actin alterations
when maintained for a sufficient period to occurred independent of substantial ef-
allow for an F-actin distribution more in fects on the G-actin pool. In addition, since
keeping with that seen in the natural modulations in F-actin arrangement and
state. actin stress fiber density were more read-

In spite of notable changes in F-actin ily apparent than qualitative changes in
arrangement, the state of culture conflu- G-actin, filamentous actin might be the
ence had little observable impact on G- principal factor in cellular functions influ-
actin distribution. G-actin remained dif- enced by actin cytoskeletal changes. As
fusely dispersed with only the appearance illustrated in Fig. 4, the simultaneous use
of enhanced punctate fluorescence noted of fluorescent probes for G- and F-actin in
after 20 days of culture (Fig. 2, D and E). conjunction with image enhancement
Since its appearance (day 20) did not co- might serve to facilitate the investigation
incide with the first sign of a reduction in of the relative contributions made by both
F-actin stress fiber density (day 10: Fig. actin pools to cellular function.
2H) and became more pronounced (day 32:
Fig. 2E) in the absence of any further
alterations in the F-actin pool (day 32: Fig. ACKNOWLEDGMENTS
2J). the enhancement of punctate fluores- The authors recognize the superior tech-
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